This in vitro study aimed to evaluate setting time and compressive strength of gypsum-based chitosan biomaterials and its effect on proliferation of stem cells from human exfoliated deciduous teeth (SHED) and alkaline phosphatase (ALP) activity. Pure-GYP was mixed with water (2.5 g: 1.9 mL); Gyp-CHT was prepared with gypsum, chitosan, and water (2.5 g: 0.285 g: 1.9 mL). Cell viability and ALP activity were assessed at different periods. Data were analyzed using SPSS (p<0.05). The setting times were 2.7 min and 2.8 min for pure-GYP and Gyp-CHT, respectively. Significantly higher compressive strength was observed with Gyp-CHT. SHED treatments with both materials were not cytotoxic. ALP was consistently higher in the treated groups compared with the control. Cellular attachments were evident with SEM. Excellent cellular viability with pure-GYP and Gyp-CHT, as well as increased ALP activities, suggested the possibility of tertiary dentin formation. Further studies are necessary to evaluate the biomaterials for its pulp protective potentialities.
INTRODUCTION
In dentistry, pulp lining materials are used to protect exposed or nearly exposed vital pulps by capping the pulp tissue with biomaterials. A significant function of a therapeutic lining material is to stimulate the pulp odontoblasts to lay down reparative dentin and promote remineralization of the existing dentin, thereby, encouraging the dentin-pulp complex and eventually heal the carious lesion 1) . Several materials, such as mineral trioxide aggregate (MTA) and calcium hydroxide (Ca(OH) 2) , have been widely used as pulp liners. MTA is the best-known clinical material in the market, but has poor handling properties 2) . Although Ca(OH)2 has been considered as the material of choice because of its therapeutic effect on exposed pulp 3) , it has short working time 4) , reduce flow able property 5, 6) and high alkaline property 6) . Several studies have suggested that Ca(OH)2 causes pulp inflammation and tissue necrosis 7, 8) . Regarding composite resin materials possible DNA damage in human cells exposed to dental composites had been observed in a recent study 9) . Gypsum (calcium sulfate) is a highly biocompatible and bioresorbable synthetic bone graft material, with a long clinical history, and has been used for treatment of bone and/or dental defects, such as maxillofacial augmentation, alveolar bone loss, periodontal disease, and endodontic lesions 10) . Gypsum is an excellent and desirable bone substitute because of its osteoconductive, biodegradable, biocompatible, and nontoxic properties 11, 12) . To date, gypsum has been used in the fields of dentistry and orthopedics 11) . This material is low-cost and highly moldable, and is widely used as a filler and antibiotic carrier for treatment of bone defects 13) . Furthermore, bone and dentin exclusively contain type I collagen and have structural similarities. Calcium, an integral part of the above tissues, is also the main component of gypsum materials.
Chitosan is a natural biopolymer derived from chitin (most abundant polysaccharide in nature after cellulose). Chitosan products are biodegradable, biocompatible, osteoconductive, and non-toxic biopolysaccharides 14) . Chitosan has high antimicrobial activity against a wide variety of pathogens and microorganisms, including fungi, Gram-positive bacteria, and Gram-negative bacteria 15) . The above material also facilitates cell adhesion and proliferation 16) . Higher mechanical strength was observed when chitosan was mixed with calcium phosphate cement suggesting to repair bone defects 17) . Recently, pure gypsum (pure-GYP) based biomaterials were evaluated for application as pulp capping biomaterials, and satisfactory properties were observed with L929 fibroblast cells 18) . Although gypsum has been considered as filler for areas with several hard tissue/bone defects, the properties of gypsumbased materials as dental lining and their potential in regeneration of pulp-dentin complex has not been reported yet. In the present study, pure-GYP was mixed with chitosan to improve its physical properties. This preliminary in-vitro study aims to evaluate the physical properties and cytotoxicity of gypsum-based chitosan biomaterials for application as pulp liner. In addition, attachments of stem cells from human exfoliated deciduous teeth (SHED) with the experimental biomaterials were also observed.
MATERIALS AND METHODS

Preparation of materials
Pure gypsum, which was commercially purchased (Calcium Sulfate Dihydrate Bioxtra, Sigma Aldrich, St. Louis, MO, USA) in dihydrate form (CaSO4•2H 2O), was heated at 130°C for three hours in an electric oven (Universal Oven Memmert Life 600, Schwabach, Germany) for conversion into a hemihydrate (CaSO4•½ H 2O). Pure-GYP material was mixed with water at a ratio of 2.5 g: 1.9 mL, and Gyp-CHT was prepared with gypsum, chitosan (High Purity Chitosan, Sigma Aldrich), and water at a ratio of 2.5 g: 0.29 g: 1.9 mL, respectively. The above ratio was chosen after a pilot study revealed that it had better handling properties. Mixing each specimen was carried at an ambient room temperature of 23°C and 60±5% relative humidity. Energy-dispersive X-ray spectroscopic (FEI Quanta 450 Scanning Electron Microscope with EDX/EDS Oxford instrument, Eindhoven, the Netherlands) analysis was performed to evaluate the molecular components of gypsum.
Setting time and compressive strength measurement
Vicat's needle penetration test according to ISO-9694:1996 19) was performed to measure the setting time. The diameter and load of Vicat's needle were 2 mm and 3 N, respectively. The freshly mixed cement material was poured into a mold with a diameter of 23 mm and a height of 10 mm. Setting time was determined as the total time spent from the start of mixing to the time when the needle failed to make a depth of more than 1 mm (marked at the indenter) on the surface of the cement. Cylindrical specimens (10 mm diameter and 20 mm height) were prepared, and compressive strength (MPa) was measured using Instron (Instron 8874, Norwood, MA, USA). Five samples from each test group were measured for the above experiments.
Cell culture SHED (AllCells, Chicago, IL, USA) were cultivated under sterile conditions in culture flasks containing growth media in a controlled condition at 37°C under a 5% CO 2 humidified atmosphere. The culture media consisted of 10% heat-inactivated fetal bovine serum (GIBCO, UK) in Alpha minimum essential medium (α-MEM) (AllCells) and 1% penicillin/streptomycin antibiotics. The cells were detached using Trypsin trypLE express (GIBCO, Denmark) upon confluence.
Preparation of extracts
Pure-GYP and Gyp-CHT cements were prepared according to ratio mentioned earlier. The materials were crashed with mortar and pestle after setting. The cements were weighed and sterilized using ultraviolet (UV) irradiation (purifier Class II biological safety cabinet (Labconco, Kansas, MO, USA) for 30 min and placed into sterile glass bottles containing growth media (α-MEM). The materials were incubated for 72 h at 37°C. After incubation, the materials were centrifuged and extracts were filtered. Samples were serially diluted to obtain concentrations of 100, 50, 25, 12.5, 6.25, 3.12, and 1.56 mg/mL.
Cell counting
Trypan blue assay was conducted to count the number of viable cells. The cells were stained with 0.4% trypan blue solution (Sigma-Aldrich) transferred onto a hematocytometer, and counted using a microscope (Zeiss, Göttingen, Germany). The total cell volume was calculated using the following formula: C=Av×2*×10 4 cells/mL, where C is the cell concentration (cell/mL), Av is average number of cells in four corners, and 2* is the dilution factor.
Cell proliferation assay MTT assay (Promega, Madison, WI, USA) was carried out in 96-well plates to estimate the proliferation of viable cells. Approximately 5,000 cells were seeded into each well. Afterward, 100 μL extract from each concentration were pipetted into each well (in quadruplicate) and one control that consisted of growth media alone. The cells were incubated for 72 h. Afterward, MTT dye agent was added to each well. After 4 h of incubation in an incubator with 5% CO 2, the absorbance of each solution was measured at the wavelength of 490 nm using a spectrophotometer.
Alkaline phosphatase assay
Alkaline phosphatase (ALP) activity assay was conducted to measure cell activity. About 40,000 SHED cells were seeded into each well. A 6-well plate and 3 mL of extracts of each concentration were then added and incubated at 37°C under 5% CO 2. The cells were incubated for 14 days. The ALP assay was performed at days 3, 7, and 14. During the selected incubation periods, 100 μL of culture supernatants was transferred into a new 96-well plate (in quadruplicate), and 15 μL of ALP substrate solution (Randox, Antrim, UK) was added into each well and incubated for 1 h in an incubator with 5% CO 2. After completion, 1 M NaOH stop solution was added to stop the reaction, and the absorbance of each solution was measured at the wavelength of 405 nm using a spectrophotometer.
Scanning electron microscope (SEM)
SEM (FEI Quanta 450 Scanning Electron Microscope with EDX/EDS Oxford instrument) observation of the crystalline structure of pure-GYP and Gyp-CHT biomaterials was performed. The attachment of SHED with gypsum-based biomaterials was evaluated. Cells were seeded at 50,000 cells/mL into the disc-shaped materials in 24-well plates. A cover slip was used as a negative control. The seeded cells were incubated at 37°C in an incubator with 5% CO 2 for 3 days. The materials were washed with sterile dH2O after removing the media from the wells. Cells on the materials were fixed with 2.5% glutaladehyde for 2 h at 4°C. After removing glutaladehyde, the materials were washed again with dH 2O and dehydrated with a serial dilution of ethanol at 30%, 50%, 70%, 80%, 90%, and 100% for 10 min each. Finally, the materials were oven dried at 60°C. Fixed materials were coated with 0.22 nm-thick gold particles for 150 s. The biomaterials were scanned with SEM to observe cell adhesion at day 3.
Statistical analysis
Data are presented as mean±standard deviation for setting time and compressive strength evaluation. Statistical significance was determined by t-test with the use of an SPSS program (IBM SPSS 20, Chicago, IL, USA) and significance was determined at level of p<0.05. The Kolmogorov-Smirnov test was used to determine the normal distribution of the collected data. Cell proliferation and ALP activity were assessed to interpret the activity of SHED on experimental biomaterials. Qualitative analysis of SHED on biomaterials was performed using SEM. Figure 1 presents the EDX spectrum of pure-GYP, showing the presence of Ca, S, and O molecules at different concentrations. The setting time was 2.7±0.5 min and 2.8±1.0 min for pure-GYP and Gyp-CHT, respectively ( Table 1 ). The compressive strength of Gyp-CHT reached 5.2±1.1 MPa, which was significantly higher than the 2.0±1.0 MPa of pure-GYP (Table 1) .
RESULTS
EDX spectrum, setting time, and compressive strength
Analysis of cell proliferation
Cell proliferation of SHED treated with various concentrations of pure-GYP and Gyp-CHT after 72 h of incubation is shown in Fig. 2 . The percentage of cell viability showed no significant differences when SHED was treated with various concentrations of pure-GYP. Interestingly, the cells treated with various concentrations of pure-GYP showed a high cell viability (>100%), indicating that no cytotoxicity effect has been detected from the material extract. In addition, cell treatments with various concentrations of Gyp-CHT also showed no cytotoxicity effects, and the cell viabilities of these treatments were >80%. However, the highest cell proliferation was obtained from low concentrations of the Gyp-CHT extracts (3.12 mg/mL and 1.56 mg/mL), indicating that the Gyp-CHT extract promoted cell proliferation in a dose independent-manner compared with the control group.
Analysis of alkaline phosphatase activity
SHEDs treated with various concentrations of pure-GYP and Gyp-CHT were observed for ALP activity at days structures of gypsum were observed in pure-GYP, and the presence of chitosan that filled the hollow spaces between the gypsum crystals was evident. Cell attachments were observed with pure-GYP and Gyp-CHT at day 3. Cellular processes of SHEDs were firmly attached with active cytoplasmic extensions on pure-GYP and Gyp-CHT biomaterials, as observed in SEM images Figs. 5(a) and (b).
DISCUSSION
Development of biomaterials using gypsum-like materials would be highly valuable because gypsum is biocompatible and has crystalline arrangements that act as carriers for other biomaterials. In this study, the unique porous structure of gypsum was evenly filled with chitosan biopolymer when both materials were mixed. The setting times of pure-GYP and Gyp-CHT materials were within an acceptable range as compared of commercially available pulp lining materials. Mechanical strength is a significant parameter for biomaterials used in tooth restoration or pulp capping therapy. The addition of chitosan to calcium phosphate cement enhances mechanical properties 17, 20) . In this study, significantly high compressive strength was observed when chitosan was mixed with gypsum. The increased strength resulted from optimum adsorption of chitosan with gypsum materials. Previous results showed that the chitosan matrix did not affect the crystalline phase of Calcium phosphate cement 17) . The pattern of chitosan adsorption was observed in SEM images (Fig. 4(b) ) of Gyp-CHT, providing supportive evidence for the above statement.
ALP activity markedly decreased when Ca(OH) 2 was applied to human pulp fibroblast (HPF) cells; necrosis was observed in vivo when HPF cells come in contact with Ca(OH)2 21) . MTA in a freshly mixed state shows a high cytotoxicity 22) which could be caused by high pH 23) . Thus, pH of the materials may also have significant role in reducing ALP activity. Further investigations on the pH of experimental gypsum-based biomaterials and its relationship with ALP activity/cell viability need to be conducted. The chitosan presence in the experimental material may be beneficial as several favorable findings have been reported on the combination of chitosan with other cement materials 24) . Apart from the direct bactericidal or bacteriostatic activity, chitosan has the ability to disrupt the barrier properties of the outer membrane of Gram-negative bacteria 25) . Thus, the antibacterial effects of chitosan may prove this experimental biomaterial as a unique pulp capping materials.
Chitosan or its derivatives have attracted substantial attention because of their outstanding characteristics, such as biocompatibility, hemostatic activity, antibacterial property, and ability to accelerate the wound-healing process 26) . Chitosan addition to gypsum has been designed to address the efficacy in biological roles in dentin regeneration. The pure-GYP and Gyp-CHT used in this study did not cause damage to the cells. SHED were viable and proliferated on pure-GYP and Gyp-CHT. On day 3 of MTT assay, cell viabilities for pure-GYP at all concentrations and Gyp-CHT with concentrations of 3.12 mg/mL and 1.56 mg/ mL were higher compared with the control. Moreover, for Gyp-CHT with concentrations of 100, 50, 25, 12.5, and 6.25 mg/mL, cell viabilities were above 50%, indicating that the biomaterials were not cytotoxic to cells. The levels of ALP were assessed to investigate the mineralization activity of SHED treated with the cements. ALP activity is a marker of differentiation for numerous cells involved in mineralization, including odontoblasts 27) . Furthermore, ALP activity is a marker of osteoblastic activity; that is, for bone turnover and bone remodeling. ALP level in serum increases during bone healing after fracture 28, 29) . ALP functions in dentine mineralization and is retained as a marker of fully differentiated odontoblasts 27) . Remarkable results were observed when chitosan monomer was applied for direct pulp capping study, and ALP activity significantly increased in the chitosan group after 3 days of osteoblast culture 30) . In this study, high level of ALP was observed especially at day 3 compared with day 7. Reduction in metabolic activity with increase of time may be a reason to obtain a relatively lesser ALP activity at day 7 compared with day 3. Thus, pure-GYP and Gyp-CHT may induce odontoblast differentiation and subsequent reparative dentin formation. Reparative dentin formation is critically important after vital pulp therapy to prevent further irritation to the pulp. It also acts as an optimal barrier in preventing microorganisms from invading the pulp tissue. Other significant feature of direct pulp capping biomaterials surface is to allow cell attachment on it; thus, functional aspect of cells are maintained. The SEM observation showed successful attachments of SHED with pure-GYP ( Fig. 5(a) ) and Gyp-CHT (Fig. 5(b) ) at day 3, which confirmed the ability of cell attachment on the biomaterials. Firm cytoplasmic attachments on pure-GYP and matted appearance of SHED were observed in Gyp-CHT. However, the differences in appearance of cells attached on the two biomaterials need further investigations. Chitosan has been reported to be structurally similar to glycosaminoglycan; thus, matted matrix-like appearance was observed with Gyp-CHT (Fig. 4(b) ). The nature of crystalline gypsum structure provided spaces for chitosan to thoroughly integrate with the gypsum material, thereby enhancing compressive strength of the Gyp-CHT material. As cell compatibility was observed with pure-GYP and Gyp-CHT and as the experimental biomaterials showed signs of cell differentiation and mineralization, the gypsumbased biomaterials is expected to facilitate the growth and odontoblastic differentiation of pulp cells. Biodegradability of gypsum would be an advantage as gypsum materials can be replaced by reparative dentin.
CONCLUSION
Compressive strength of the cement was higher when chitosan was added to gypsum. Pure-GYP and Gyp-CHT do not cause any cytotoxicity to the cells. ALP activities suggest possibility of reparative dentin formation. Thus, the application of Gyp-CHT biomaterials as pulpprotecting material might be promising. Further studies must be performed to demonstrate the potentiality of these experimental biomaterials as promising scaffoldlike biomaterials for dental pulp lining.
